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A RADI ATI ON-MARl) CMOS/SOS ALU~

R. A. Kjar , M. Mar t inez &A.  E. Waskiewicz
Rockwell International Corporation

3370 Mira lonia Avenue (HB 16)
Anaheim , California 92803

Abstract computer arithmetic. It is designed to function as the key
element of a central processor uni t (CPU). Thi s design is

A radiation -hard CMOS/SOS technology has been used to implemented as an eight—bit slice with all the necessary
fabricate a complex IS! circuit containing over 2200 transis- inputs and outputs to allow cascading to form a 32-bit unit.
tors. The circuit is an eight bit wide arithmetic and logic The major components of the device are identified in
unit (A LU)  slice. This paper describes the results of elec— Figure 2.
trical , temperature , and r adiation tests on the ALU circuit.
An instruction cycle-time of less thall 240 ns was achieved P0IIT~~ P08382

for nominal operation at +11V and 25’C. Thi s ~)me increases
to 300 ns at 125”~C. After irradiation to 106 rads (S~ unde r
bias,, operati on was degraded only slightly. The 25 C and
125 t postradiation cycle times were withi n 320 and 360 ns , SISPT

respectively. Radiation tolerance from part to part and lot
to lot was excellent , thus demonstrating the applicab ility of i ~~ux 2 MU8

radiati on hard CMOS/SOS to LSI circuitry.

Introduction
8EGlS~ER REG IVT(R

Radi ation-hard CMOS/SOS LSI technology has reached
the maturity required to implement complex functions in a 4—
singl e circuit. The AL U shown in Figure 1 and descri bed in
thi s paper is typical of the applicati ons for this technology . 

~~~ T8Mn,C UN,’The ALU chip is 205 x 233 mils in size and contains over
2200 transistors. This chip is designed to serve as the main
computational element in high-speed space and missile com - 

SUMputers. As such , It is required to operate over a full —55 ’ C “ GIST,,

to +125’ C range as well as meet severe radiation hardness
criteria.

Circuit Description sun
3 MUX

The ALt! is a device which performs all the standard 
~ Barithmetic and logic functions norniallv associated wIth 

3
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i ] Figure 2 Internal Organization of ALt

‘q , If •fT ~~~~~~~~~~ ~ ~,, I l  ~ .~sj ‘I One of the features of the overall CPU Is the tn —state
(r 1 1 ‘ bidirectional bus which is the mai n data path This data bus

I ~ LI ‘~~..  ~
‘ 

~~ — ,
~. ~a requires the ALU chip to have a bidirectional port (Port B1)

.‘~ ~~~~~~~ 1 — . . — ‘
~~ 

?~ with tn -state drivers capable of driving 100 pf loads. The

~ -1 i 
~ J - 

i ‘1 ~t U U architectu re requi res that the ALt!  have ts~o additional ports
~~~~~~~~~~~ ~~~~~~ ,:~~

• • ‘~~~ ~
‘ to communicate with other devices. One of these ports isI -u. ~~~~~~~~ ~~~~~T’ .

~~~~~~~~~~~~ 
,. ‘!~~~~

‘. strictly an input port to provide the ALU with operands
- 

~~~~~~~~ (Port B2). The second port is another tn -state bidirectional
‘•~ ~~~~~~~~~ ~~~~~~~~~~ ‘r data port (Port A);  however , the associated drivers onl~’ have

~ 
p ~. 

- 
.. ...,

~~
. to accommodate 10 pf loads Tn -state drivers are used to

~& ~,& ~,. p~~~ pL ~~~ ~~~
‘ 

~~ ~ provide maximum system flexibility and also to alio~ a corn-

LE ‘ / 

~ 

~ ~ 4 4 4 ’ 4 1 ~ Q mon pin to be used for input and output
— £ 

-~~ •_ — ,.I~~S ~~ 

______ 
~~~~~~ . .‘~ .• ‘ff ~‘ ‘1i~ Since Port Bi is often used for transporting data unre-• : ~~~~~~~~~~~~~~ . lated to the computation being performed in the ALU , the

~ ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ 
ALU must h ave inter-chip shift paths that are independent of

~ 

, - ,. , . Port Bi. The requirements for division , and for the two-bit-
j I  1 1 1 . . at-a-time multiply algorithms, dictate four shift inputs and

I four shift outputs for each ALt! chip. However , since the
shIft outputs need only drive the next shift inputs, the drivers

Figu re 1. CMOS /SOS A l t !  Transmission gate niultipiexers (MUX’s) are provided on
all Input and output ports . Mul tiplexers on the input allow for
selection of inputs and also provide shift paths for impie-

This work was sponsored by the USAF Space and Missile mentin.g division and two-bit-at-a-time multiply algorithms.
Systems Organization under Cont ract No. F04704-75-C-0007. Shift Informati on is obtained from a higher order device (for
The Prot ect Officer is Captain It. R. Warzynski . functions such as niultiply ) ,  or from a lower order device
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(for functions such as divide). Multiplexers on the output Electrical Performance
nodes allow various internal paths to be selected for provid-
ing inputs. The performance of the ALt! in a 32-bi t system for a

32-bi t addition can be represented as follows
The multi plexers feed into clocked input buffer registers 

_________ _________ _________ _________(mechanized with transmission gates). These clocked regis- I 1 I I I I I

sively in both the control and the arithmetic sections . These ALU O ALU 1 ALU2 AL U3
ters , along wi th logic-controlled registers, are used exten— I I I I I I
latches allow internal synchronization of controls and oper- I I I I
ands as well as system synchronization. Timing for the I I I I I I I
clocked registers is provided by a single-logic-level clock
input . The four ALU ’s above can be visualized as the arith-

metic unit of a 32-bi t CPU. They have interconnections for
Five input signals are decoded to generate the necessary carries and shift signals , which are used for arithmetic

control signals. Decoding ot these arithmett è and logic operations. The worst-case delay for such a system occurs
function control lines takes place before the buffer registers when a carry generated by the low order ALt! (ALU3) must
are opened; therefore , their decode time ts.eliminated frolls be passed by both ALU2 and ALt!! to reach ALUO .
the critical time delay path. Table 1 lists the arithmetic and
logical operations that the ALt! can perform. T able 2 presents data taken from typical ALU devices.

The first column shows the amount of time required for a
Table 1. ALt! Arithmetic and Logical Functions given ALU device to generate a Carry-Out. Thi s time is

measured from an enabling clock transition.
• LOGICAL AND S - X . Y

Table 2. ALU Speed Measurements Data in (
~‘i 

-
• LOGICAL OR S = X + Y Transition) to Generating Carry Out (ns)
• LOGICAL EXCLUSIVE OR s = x®  v

• ZERO S • 0 ‘ 15C 
—— ________ IOS C

DEV ICE CLOCK ~IB — 32 111 CLOC8— C UB —. 33 lIT
• AO 0 S X + V 

- 80 -. C08~ I~ OUT A00~ C001 I1 OUT ADO ’

• AOD A NDINCR EM ENT S • x + Y + i
IS 102 II 210 lO T S 1145 205

• SUBTRAC T S X V 20 lIZ lOX 223 112.5 III 308 5

102 120.5 93.5 234 lIZ 110.5 3135
• SUETRACT A NDOECREMENT S - X . V . l

107 07 ,5 73.5 175 131 10.5 257.5
• DIVIDE LOGIC S X + Y

113 120 108.8 290 5 ISO 121.5 300 1

• PASS Y S — V a 94 94.5 211.5 III 111.5 211 3

102 111.5 02.5 215 III III 211
• INCREMENT V S • V . 1

III 104.5 70.5 205 III 111.0 272.1
• 2o COM PLE M ENT V g -

AVG 101.5 01.5 215 104 l It 201

• lo CO MPLE MENT Y 5 -  O V 1 Y CA LC U LATEO FROM DELAYS FOR 519050 C hIP

• PASS X S X
The measured amount of time required for an ALU• INCREMENT X BY I S - X + I device to pass a Carry-In signal is 8 to 12 ns at 25’ C and

• INCREMENT X BV 2 S ‘ X + 2  10 to 14 ns at 125’C.

• DECREMENT X BY I S X l  The time required for a 32-bit addition can be computed
by adding the amount of time required by ALLJ to generate a• OECR EMEN T X SY 2 S • X - 2 Carry (~o105 ns) , to the amount of time required by ALU2 and

• ALl. ii s ~iiiii n2 ALU 1 to pass a Carry (2820 ns), to the amount of time
required by ALU O to generate outputs (a90 ns). The total

• REMOVE EXPONENT BIAS S - X 20O~ time required for a 32-bit addition is then about 215 ns. The
last half of Table 2 shows increased propagation delays at• EX PO NENT UND ERFLOW CHECK S - X . 0 4 0, 125’C.

The carry structure for the device is implemented in the Circ uit Fabricationfollowing manner. The internal chip carry-structure is
implemented using a parallel look-ahead approach for maxi - Fabrication is performed using a CMOS/SOS self-mum speed. H owever , the inter-chip carry structure uses aligned thick-oxide process. A sllic n nitride mask is useda pass-through approach which minimizes the number of to mask gate areas during diffusion of source and drain , andrequi red pins, during growth of a thick field oxide. This process results in

a self-aligned thick field oxide over source and drain regionsThe design includes allowance for expected changes in and thus minimizes gate overlap capacitance. The gate wastransistor thresholds , leakage and gain as a result of ion- formed b thermal oxidation of the silicon in a steam M C Iizing radiation dose. No other special design procedures amblenjl) Aluminu m metalhization was deposited by RFwere used. Transmission gates , for example, were used evaporation. A more detailed description of the circuit fab-extensively in the circuit design , but the bodies of these ricatlon process and of the process parameters has beentransistors were allowed to float . P-channel transi stors , described in a previous paper. (2) Abeolute radiation hard-thus, could and did operate at positive effective gate volt- ness and lot to lot repeatability, however , have improvedages during exposure to ionizing radiation. The effect of over that previously reported. Figures 3 and 4 show thetransient photoconduction on circuit operation was also coo’- range of threshold voltage shifts , under radiation , for foursidered in the design. Circuit confi gurations considered to consecutive ALt! lots.be highly sensitive to photoconduction effects were avoided ,
but no attempt was made to optimize the transient radiation The threshold voltages were measured wIthin 5 minutes
harness, of the radiation exposure and no sign ificant anneal i ng was
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Figu re 3. A L t ’ Th reshold Voltages vs Total Dose
Figure 5. Instruction Cycle Time (32 Bits) as a Function

LOT of Total ionizing Dose

-~ 0) 280 2. 110 30-40 nsA of power supply current when operating at speed
5.370 

- - with 100 pf loads , hence the measured postradiation standby
I , 

~ 7OK S. t2 . lK~~~~ currents do not add significantly to power supply drain in an
-~ I I t operating system.

____________ ______________________ 

A small samole (4) of circuits were Irradiated to neutron
~~~ fl uences of 9 x 1013 and 3 x 1014 n/cm 2 . No degradation

effects beyond those attributable to the accompanying ionizing
H ~~~~~~~~ 

E : 
— — 

dose were observed.

r ‘ - - ‘ Transient Radi ation Effects

RADIAT i ONRI~~~ 3 I ‘.
.

~~~~~~~ . ‘ - — 

- 

I 1 1 1 1 1 1  Circuit performance in a transient radiation envi n-
0 0030 0 1 0  030 x 3 311 inent was measured by operating the circuit during and after

DOSE IVADS I exposure to the radiation pulse from the Rockwell Inter-
national Flash X-Ray source. The devices were operated at

Figure 4. ALt!  Threshol d Voltage vs. Total Dose a frequency of 1 M h z  with the radiation pulse synchronized
to occur during active switching of the device logic circuitry.

found to occur within that time. Each transistor type is
irradiated under four bias conditions , but only the two bias A minicomputer-controlled tester was used to monitor
conditions for which the largest radiation-induced threshold operation of the ALt! circuit , to detect errors in operation
shifts occurred are shown. R adiation bias conditions, with and to measure recovery time. Eleven circuits were tested
positive gate-to-body bias on p-channel transistors , have with a radiation pulse width of 30 as with the results shown
often been reported to result in larger threshold shifts with in Table 3.
radiation , but the data of FIgure 4 show that the process used
for the ALt! circuits effectivel y controls radiation-induced Table 3. Upset Level at MLU CI rcuit
threshold shifts under this worst-case bias condition. 

___________________ ________________

T OOT FUNCTIONIN G LOGIC
Ionizing Radiation Dose Effects DEV ICE CORRECTLY UPSET

NO 1O IE1IIOOCI 15I0111$ECI

The permanent effects of radiation on circuit operation 
— 

I’ 3 7 0 1 , 10 0 0 5  lI I

were measured by comparing pre- and postradlation electri - 2 7 0 0 1 0 10 9 0 0  lI e’

cal characteristics of six of the CMOS/SOS ALt! circuits. 
910 5 2 0 1 , 113 3 . 3 T 1The primary radiation source was the Rockwell International I’

Co60 gamma cell. 2 .4 0  II~~ II 0 1111

3.101 1” 3 9 5 , 111 k
The circuit was statically biased during radiati on, • 3.901 0 10 0101111

under data and control input states specifically selected to
provide 4lOV gate-to-body bias on p-channel transistors in 0 7 0 1 6 10 1,0,110

transmission gates (worst case). • 1.101111 1701111

9 5 2 0 1 1 11 7 1 0 1 . 11

The major effects of radiati on doses to 106 rads (Si ) II 3 3 0 1 . 11 4 3 5 ~ ,llwere a slight increase in propagation delay times and an 
5 7 0 1 1 11

increase In standby power. Typical propagation delay time _______________ _________________ _______________

increases were about 20 percent at 106 reds (Si). Figure 5 ‘TROT 5*10K A RT 1I 3. 010*01 50 TOTAL 0010 EXP01591
shows the effect of radiation dose on the instructiop, cycle
time. Data obtained from six parts, representing three All circuits o rated without error through a radiationfabri cation lots , are shown . Standby current increased from level of 2.4 x lO1~’°rad (31)/sec . The lowest radiation level - ,
-200p A at 25’ C pre-irradi att on to 3-4 mA at 25° C , after at which logi c upset occurred was 3.1 x 1010 rads (Si) /sec,106 reds (Si). and the highest level at which a circuit would operate with no

error was 6.9 x 1010 rad (Si)/aec .This post— radiation sta ndby curren t For the circuit is
consistent with the post— radiationback—channel current meas-
ured on n-channei test transistors. The circuit requires

L~~ 
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Figure 6. Change in Output Voltage as a Function of
Time After Transient-Ionizing Pulse

Conclusions

A highly useful ALU circuit with greater than 106 rads
(Si) total dose hardness has been demonstrated. Radiation
effects on circuit speed and power requirements were minor
and consistent with both design analysis and measured radia-
tion effects on individual test transistors. The effect of a
10 6 rads (Si ) radiation dose and 125° C ambient temperature
on circuit operation were similar. Radiation, thus , becomes
another environmental factor which can be anticipated and
designed for as readily as the temperature environment.

The design approach use Is of equal significance with
the radiation hardness achieved. Transmission gates are
highly useful In implementing CMOS logic but have often been
avoided In radiation hard CMOS/SOS circuits because a posi -
tive gate to channel bias can occur if the gate is at VDD and
both input and output are at V~~. The ALU circuit used
approximately 200 transmission gates with no provision to
avoid the positive gate-bias condition . P-channel threshold
voltage shifts under this bias condition are about 2V at 106
reds (Si). There is no indication that the free use of trans-
mission gates in any way reduced the radiation performance
of the circuit.
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